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Available online 5 May 2015AbstractPerovskite oxide CaBaCo2O5þd (CBCO) thin films with two divalent alkaline earth metal ions and the transition metal Co ion were prepared
by pulsed laser deposition (PLD) system. X-ray diffraction reveals that the as-grown CBCO thin films have good crystallinity of the perovskite
structure. Redox electrical properties and chemical sensing behavior on the as-grown CBCO thin films were systematically studied under various
chemical environments. The electrical transport property studies indicate that the electrical resistivity increases with increase of temperature
under reducing atmosphere and the temperature dependence of resistivity of the CBCO thin film in the oxidation processing above room
temperature can be well fitted by small polaron hopping model. The chemical sensing property measurements reveal that the CBCO thin film is
very sensitive to oxidizing/reducing environments in the temperature ranges from 620 K to 970 K. Especially, the reduced CBCO thin films with
Co2þ and high oxygen vacancy concentration have a superfast oxygen sensing response from 620 to 970 K.
© 2015 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Doped BaCoO3 perovskites have been extensively studied
as mixed ionic-electronic conductors due to their unusual
electrical transport properties for energy conversion and
chemical membrane applications [1e4]. Solid Oxide Fuel Cell
(SOFC) cathode designs traditionally utilize mixed ionic/
electronic conductors with microporous structures or compos-
ite designs which require high operating temperatures. Perov-
skite mixed ionic-electronic conductors (MIECs) are* Corresponding author.
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creativecommons.org/licenses/by-nc-nd/4.0/).particularly desirable due to their ability to catalyze oxygen
dissociation and permeation reactions at lower temperatures,
which is the basis for low/intermediate-temperature solid oxide
fuel cell (L/IT-SOFC) devices. The potential of perovskite
materials to catalyze the surface reaction, O2 þ 4e/ 2O2,
depends on their detailed compositions and atomic structures.
The utilizing of cobalt-based perovskites (La,Sr) (Co,Fe)
O3.0d, LaBaCo2O5.5d, Pr(Ba,Ca) (Co,Fe)O5.5þd as cathode
materials for IT-SOFC and low temperature SOFC (LT-SOFC)
devices has shown a very low overpotential with excellent
power generation (1.19 W/cm2 at 873 K) [5], which opens a
new avenue for the development of efficient LT-SOFC and IT-
SOFC devices. Especially, the A-site order double perovskite
LnBaCo2O5.5þd (Ln stands for a rare earth metal) oxides, such
as LaBaCo2O5.5þd (LBCO) and PrBaCo2O5.5þd (PBCO),er B.V. This is an open access article under the CC BY-NC-ND license (http://
Fig. 1. XRD pattern of the (CaBa)Co2O5þd thin film deposited on the (001)
LAO substrate.
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namic stability in a wide range of temperatures [6e8].
LnBaCo2O5.5þd normally consists of [LnOx]-[CoO2]-[BaO]-
[CoO2] layers alternating along the c axis [9e11]. In these
double layered LnBaCo2O5.5þd cobaltites, the ideal chemically
stable oxygen stoichiometry is ‘5.5’ and the average valence of
the cobalt ion is þ3. However, the oxygen stoichiometry can be
adjusted to form different oxygen-deficient LnBaCo2O5.5þd
phases. Taskin et al. observed that A-site ordered
GdBaCo2O5.5þd significantly enhances oxygen diffusivity [12].
Our previous research indicates that the A-site ordered
PrBaCo2O5.5þd has extra-fast oxygen transport kinetics at low
temperatures ranging between 570 and 770 K [13,14]. Rautama
et al. successfully fabricated and characterized the nanoscale-
ordered and disordered fully oxidized LaBaCo2O6 as well as
the oxygen-deficient ordered LaBaCo2O5.5 [15,16]. Owing to
the fast oxygen transport kinetics and thermal stability, a
number of perovskite oxides have received attention as gas
sensor materials [17]. Recently, we have successfully achieved
the highly epitaxial LBCO thin film on (001) LaAlO3 and
systematically studied the epitaxial nature and their chemical
and electrical transport properties [18,19]. It is interesting to
note that an ultrafast dramatic resistance change was found on
the films when the operation gases were switched between H2
and O2 in a very broad temperature range varying from 513 K
to 1073 K. The further studies indicate that the ultrafast oxy-
gen/hydrogen exchange diffusion dynamics occurs in the
orderly oxygen vacancy LnBCO structure, which is highly
dependent upon the Co2þ distributions. Therefore, the two
divalent alkaline earth metal ions and the transition metal Co
ion can significantly alter the Co2þ distributions. We success-
fully synthesized a new Ca-doped BaCoO3 perovskite CaB-
aCo2O5þd (CBCO) thin films and systematically studied the
electrical and oxidizing/reducing atmospheres sensing proper-
ties at mediumehigh temperature. In this letter, we report the
chemical sensitive and superfast oxidation rates of CBCO thin
films in oxidizing/reducing environments at the temperatures
from 620 to 970 K. The electrical transport property study
reveals that the CBCO thin film behaves as a simple small
polaron hopping model in the oxidation reaction and an
increasing resistivity with increase in temperature under
reducing atmosphere due to the chemical and thermal insta-
bility of Co2þ.
2. Experimental
CBCO thin films were grown on (001) LaAlO3 (LAO) single
crystal (cLAO ¼ 0.3788 nm) substrates by using a KrF excimer
(a wavelength of 248 nm) pulsed laser deposition (PLD) sys-
tem. An energy density of 2.0 J/cm2 and a laser repetition rate
of 5 Hz were adopted during film deposition. The optimized
growth condition was determined to be at 1120 K with an
oxygen pressure of 250 mTorr. The as-grown CBCO films were
in-situ annealed in 200 Torr oxygen for 15 min at 1120 K and
cooled down to room temperature at a rate of 5 K/min. The
crystallinity of the as-grown CBCO films were examined by X-
ray diffraction (XRD) with the Cu Ka radiation(l ¼ 0.15406 nm). The characterizations of the electrical and
oxidizing/reducing sensing properties of the CBCO films were
performed by using a Lake Shore 370 AC Precise Resistance
Bridge System in the temperatures ranging from 620 to 970 K
under pure oxygen or mixture of 5% hydrogen and 95% ni-
trogen (HeN mixture) in a pressure of 0.1 MPa. Platinum leads
were glued on the film surface with high temperature silver
paste which was air-dried at room temperature.
3. Results and discussion
Fig. 1 is the typical XRD pattern of the as-grown CBCO
thin film deposited on (001) LAO. The as-grown thin film has
single perovskite phase with polycrystalline structure. The
(00l ) peaks of CBCO are all located to the left of corre-
sponding peaks of LAO. According to Bragg equation, the as-
grown CBCO thin film has larger lattice parameter than that of
LBCO which has lattice-matched parameter [11], although Ca
has an even smaller ionic radius of 0.100 nm compared with
La of which the ionic radius is 0.103 nm, which is probably
resulted from the plenty oxygen vacancy in the two divalent
alkaline earth metal ions in the system. The temperature
dependence of the electrical resistivity for the CBCO thin film
under the oxygen from 300 K to 970 K was studied. As shown
in Fig. 2, the resistivity curves during the heating process and
cooling process almost overlap, indicating that the redox re-
actions in the CBCO thin film is at equilibrium except the low
temperature heating process from 300 to 340 K. In the equi-
librium state under O2 atmosphere, Co
4þ and Co3þ coexist in
the CBCO film with Co4þ:Co3þ ¼ d:(1  d), 0 < d < 1. As
shown in Fig. 2 (inset), the plot of the ln(r/T ) vs. 1000/T can
be well fitted linearly from 300 to 970 K. According to the
small polaron hopping model, the electrical resistivity can be
expressed as [20]:
r¼ CT exp

EA
kBT

ð1Þ
where kB stands for the Boltzmann constant and EA for the
activation energy. The calculated activation energy of the
CBCO thin film is 0.238 eV. Therefore, the CBCO thin film
Fig. 2. Temperature dependence of electrical resistivity and linear relation of
ln(r/T ) vs 1000/T (the inset) of the (CaBa)Co2O5þd thin film in the oxygen
atmosphere from 300 K to 970 K.
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in the temperature range of 300e970 K without any obvious
loss of lattice oxygen even at 970 K.
The oxidizing/reducing atmospheres sensing properties of
the as-grown polycrystalline CBCO thin film at constant
temperatures (620, 720, 770, 820, 920 K, and 970 K)Fig. 3. Oxidizing/reducing atmospheres responses and corresponding states transiti
820 K (d), 920 K (e), and 970 K (f).monitored by resistance measurements are shown in Fig. 3. It
is found that the CBCO film is sensitive to the oxidizing/
reducing environments at temperatures as low as 620 K. As
shown in Fig. 3(a), the resistance of the as-grown film has an
initial value of 9.3  104 U in O2 at 620 K. As the gas flow
was switched from the oxygen to the HeN mixture, its
resistance keeps increasing with time until it reaches its
maximum value of 1.6  107 U and then decreases quickly to
about 5.6  106 U and then continues decreasing at a very
slow rate. The slow decreasing of resistance under HeN
mixture seems like a process of structural relaxation, which
proceeds for an extended period of time. As the gas flow was
switched from the HeN mixture back to the oxygen, the
resistance was found to rapidly increase to its maximum
resistance value of 1.6  107 U and then decreased quickly to
about 9.8  105 U. The above-mentioned gas-flow switching
operations are repeated once again. It is very interesting to find
that the seemingly structural relaxation under the HeN
mixture proceeded at 620 K. After a two days annealing under
the HeN mixture at 620 K, the seemingly structural relaxation
was over and the resistance situated at 2  106 U.
While at 720 K, it is much faster for the CBCO thin film to
reach its equilibrium states either in the oxygen or in the HeNon monitored by resistance measurements at 620 K (a), 720 K (b), 770 K (c),
Fig. 4. Temperature dependence of electrical resistivity in the HeN mixture
atmosphere from 300 K to 620 K.
Fig. 5. Oxygen vacancies and CoeO clusters in the (CaBa)Co2O5þd structure.
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film has a minimum resistance around 5  105 U. As the gas
flow was switched from the oxygen to the HeN mixture, its
resistance increases with time to reach the maximum value of
1.6  107 U and then quickly situated at 5.6  106 U, indi-
cating that the CBCO thin film transforms from the equilib-
rium state in O2 to one transient state first in HeN mixture and
then to the equilibrium state in the HeN mixture. The resis-
tance changes are reversed by switching the gases back from
the HeN mixture to the oxygen at 720 K.
At 770 K, it is found that at the equilibrium state in the
HeN mixture, the resistance of the CBCO film became much
larger than the corresponding value at 720 K while the
maximum value at the transient state in the HeN mixture are
equal to those corresponding value at 720 K.
At 820e970 K, after the resistance reaches its maximum
value under the HeN mixture, it doesn't change any more but
situated at the maximum value. This indicates that the equi-
librium state of the CBCO thin film at 720 and 770 K dis-
appeared above 820 K under the HeN mixture.
These resistance changes can be considered to be the results
of the different valence of cobalt-ions in the CBCO film.
Under the O2 atmosphere, Co
3þ ions partly oxidize into Co4þ
ions while a semiconductor phase with the coexistence of
Co3þ and Co4þ ions forms. As soon as the atmosphere
changes from the pure oxygen to the HeN mixture, Co4þ ions
are reduced back into Co3þ to form an insulate phase resulting
in the dramatic increase of the resistance. Continual reduction
in the HeN mixture at lower temperature under 820 K results
in the formation of an unstable phase containing Co2þ and
results in the gradually decrease of the resistance.
The differential curves of resistance changes shows the
oxidizing/reducing atmospheres response rates of different
states of the CBCO thin film. It is found that the transitions
from the Co2þ phase to the Co3þ insulator phase are superfast
at 620 and 720 K at an extreme rate about 4  106 U/s. With
the increase of temperature, the Co2þ phase disappears grad-
ually and the transitions from the Co3þ insulator phase to the
Co4þ/Co3þ semiconductor phase become faster and faster. The
oxidation rates are much faster than the reduction rates indi-
cating that many oxygen vacancies, which could accelerate the
oxygen ion transport form in the CBCO thin film in the HeN
mixture.
It is noted that the temperature dependence of the electrical
resistivity for the CBCO thin film in the HeN mixture is very
interesting. As shown in Fig. 4, the resistivity during the
cooling process is reversible but shows the hysteresis phe-
nomenon, indicating that the redox processing in CBCO thin
film is not at equilibrium except the beginnings and the ends.
Co2þ and Co3þ coexist in the CBCO film with Co2þ:Co3þ ¼ -
d:(1 þ d), 1 < d < 0. The resistivity of the CBCO thin film
increases with the increase in temperature in the range of
300e620 K. This abnormal temperature dependence of the
electrical resistance for the CBCO thin film in the HeN
mixture is probably due to the content of Co2þ decrease with
the increase in temperature. While at higher temperature above
820 K in the HeN mixture, Co2þ ions were all converted intoCo3þ by thermal activation thus the phase containing Co2þ
ions disappeared to form an insulator phase, as shown in
Fig. 3(d)e(f).
The oxygen vacancy concentration of the CBCO thin film
varies with reduction and oxidation reactions. As shown in
Fig. 5, under oxidizing environment the CBCO thin film has
the minimum oxygen vacancy concentration with stable
perovskite structure and stable local structures such as six-
coordinate octahedral CoO6 and five-coordinate square-based
pyramidal CoO5. Under HeN mixture with the appearance of
the Co2þ, the CBCO thin has the maximum oxygen vacancy
concentration while the local structures may become instable
four-coordinate tetrahedral or square-planar CoO4. Therefore
the instability of the structure with large amount of oxygen
vacancy concentration of the CBCO thin film lead to the super
fast transitions from the Co2þ phase to the Co3þ insulator
phase.
4. Conclusions
A new Ca-doped BaCoO3 perovskite CaBaCo2O5þd thin
film with polycrystalline structure was synthesized on LaAlO3
substrate. The CBCO thin film is sensitive to oxidizing/
117H. Wang et al. / Journal of Materiomics 1 (2015) 113e117reducing environments at mediumehigh temperatures from
620 to 970 K. Plenty of oxygen vacancies form in the CBCO
thin film in the HeN mixture causing superfast oxidation
rates. The electrical transport property study reveals that the
as-grown CBCO thin film behaves as a simple small polaron
hopping model in the oxygen environment in a broad tem-
perature range of 300e970 K and an increasing resistivity
with increase in temperature under reducing atmosphere in the
range of 300e620 K due to the chemical and thermal insta-
bility of Co2þ.
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